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METHOD FOR MEASURING A CHANGE IN
AN INDIVIDUAL’S IMMUNOREPERTOIRE

CROSS REFERENCE TO RELATED
APPLICATION

This application claims priority to U.S. Provisional Patent
Application No. 62/129,706, entitled “Method for Measur-
ing a Change 1n an Individual’s Immunorepertoire™ and filed
on Mar. 6, 2015, which 1s incorporated herein by reference.

FIELD OF THE INVENTION

The present disclosure relates to methods for classifying
an individual’s T and B lymphocytes at the single cell level,
based on the lymphocytes’ diflerentially-expressed recep-
tors and unique CDR3 sequences, and methods to determine
a change 1n an individual’s immune repertoire before, during
and/or after disease and/or treatment of such disease.

BACKGROUND OF THE INVENTION

Through the process of homeostasis, the immune system
maintains a certain number and repertoire of T and B
lymphocytes, collectively referred to as an individual’s
“immune repertoire.” An individual’s immune repertoire
constantly changes, however, as a result of continuous cell
turnover and the exposure to antigens. Such immune reper-
toire changes may include, for example, the generation of
new (naive) T and B lymphocytes, expansion of active T and
B lymphocytes, and the formation of new memory T and B
lymphocytes.

Immune therapies and cellular therapies are becoming
increasingly popular tools for the treatment of cancer and
autormmune disease. Immune therapies may include anti-
body treatments to modulate immune pathways or to boost
a patient’s immune response to a disease. Cellular therapies
may include exposing a patient’s blood or white blood cells
to a disease antigen ex vivo and subsequently reintroducing,
the treated blood or white blood cells to the patient. While
conventional methods utilize synthetic small molecules to
target particular disease pathways, immune therapies and
cellular therapies may act by educating a patient’s immune
system to fight disease.

When 1n a disease state, or during treatment of such
disease state, a patient’s immune system mobilizes to fight
the disease. As a result, the turnover rate of the immune
repertoire may change. A measurement of such change may
give an indication of the eflectiveness of the treatment.
Currently, however, no tools or methods are available which
would allow scientists or physicians to measure the immune
repertoire turnover rate; current methods, such as white
blood cell counts and flow cytometry, are not ideal. Mea-
suring a patient’s white blood cell count provides only the
total number of lymphocytes or the number of cells that
belong to lymphocyte category, and flow cytometry allows
classification of T and B lymphocytes based on surface
markers. Neither of these methods, however, provides an
accurate measurement ol the immune repertoire turnover
rate. As such, current methods are not i1deal for the evalu-
ation of therapeutic results of therapies, such as immune
therapies, the generation of markers for pre-screening
patients, and the identification of those patients best {it for a
particular therapy. What 1s needed, therefore, 1s a tool to
classity T and B lymphocytes at the single cell level based
on the differentially-expressed T or B lymphocyte receptors
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and a method of utilizing this information to determine a
change 1n an individual’s immune repertoire.

SUMMARY OF THE INVENTION

In one embodiment, the present disclosure relates to a
method of calculating the change 1n the immune repertoire
of an individual, wherein such change 1s a measurement of
the turnover rate of the most dynamic immune cells. The
method may comprise quantifying clonotypes (i.e., clonal
types) in populations of immune cells from two or more
samples collected from the same patient. In one embodi-
ment, frequency data 1s calculated for two or more samples
by 1dentifying the frequency of each clonotype, wherein the
frequency data are normalized to correct for sample difler-
ences. The absolute qualitative and quantitative diflerences
in the frequency of each clonotype in the patient samples
may then calculated to determine the clonotypes, common to
cach sample, with the largest frequency change. The method
may then comprise determining the percentage of the clono-
types with the highest degree of change between samples.
The samples may be collected at the same time point to
determine an individual’s baseline immune repertoire, or
collected at different time points to calculate the immune
repertoire change rate. In certain embodiments, the immune
repertoire change rate 1s determined at time point before,
during or after a health event. The presently disclosed
methods allow for the analysis of a vast amount of sequenc-
ing data while eliminating sampling and sequencing incon-
sistencies that have previously made the calculation of
immune repertoire changes impossible.

BRIEF DESCRIPTION OF THE FIGURES

The disclosure can be better understood with reference to
the following figures.

FIG. 1 1s an illustration of raw CDR3 sequencing data
obtained from patients at diflerent time points.

FIG. 2 illustrates the calculations utilized 1n determining

normalized sequence data: Column A represents raw
sequence data and columns B and C represent normalized
data.

FIG. 3 represents the calculation utilized in determining
the Delta Index of two samples collected from the same
patient: Column D represents the absolute difference
between the frequencies of each CDR3 read count in each
sample; Column E represents the calculation of the impact
range of the two samples; and Column F represents the
calculation of the Delta Index for the two samples.

FIG. 4 represents signal optimization for the samples:
Column H represents calculation of the signal to noise ratio
for an 1mpact range of 100; Column I represents calculation
of the signal to noise ratio for an impact range of 1,000; and
Column I represents the calculation of the signal to noise
ratio for an 1mpact range of 10,000.

FIG. 5 illustrates the calculated Delta Index for several
sample groups: Group A represents a single sample taken
from one patient, where the sample 1s split into two sub-
samples; Group B represents multiple samples taken from
the same individual at the same time point; Group C
represents samples taken from the same individual at two
different time points with an interval of one or two days;
Group D represents samples taken from the same individual
at two diflerent time points with an interval of three months;
and Group E represents samples taken from different 1ndi-
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viduals at different time points. In this situation the Delta
Index 1s expected to be near 100%.

DETAILED DESCRIPTION

The mventor has developed a method for determining the
change 1n the immune repertoire of an individual suflering
from disease or undergoing therapy for the treatment of a
disease. The methods use the difference between the change
in the level of immune cell diversity seen 1n an individual
betore, during or after a health event to determine the effect
of the disease, or the effect of a treatment regime, on the
individual. Such a health event may include, 1n one embodi-
ment, a natural occurrence (i.e., the onset of a disease) or an
artificial occurrence (1.e., the commencement of disease
treatment). In one aspect of the invention, the difference in
the level of immune cell diversity is referred to as the Delta
Index. The Delta Index 1s defined herein as the quantitative
change (up or down regulation of CDR3s) and qualitative
change (gain or loss of clones) of an individual’s most
dynamic immune cells over time. In one embodiment, the
present invention determines the change 1n the third comple-
mentarity-determining region (CDR3), a region whose
nucleotide sequence 1s unique to each T or B cell clone. In
one embodiment, the most dynamic immune cells within an
individual’s immune system are referred to as the immune
repertoire 1mpact range. In one embodiment, the impact
range 1s defined as the 100 CDR3 clones within a sample
population which display the most change 1n their nucleotide
sequence. In other embodiments, the impact range may
include other numbers of clones, for example the 1,000 or
10,000 clones displaying the biggest change. As used herein,
“immune cells” refers to T lymphocytes and/or B lympho-
cytes.

The methods of the invention may be performed using the
following steps for assessing the rate of change in an
individual’s most dynamic immune cells over time: (a)
collecting at least two sample populations of white blood
cells from a subject; (b) separately amplifying polynucle-
otides from each population of white blood cells 1n a
reaction mix comprising target-specific nested primers to
produce a set of first amplicons, at least a portion of the
target-specific nested primers comprising additional nucleo-
tides which, during amplification, serve as a template for
incorporating into the first amplicons a binding site for at
least one common primer; (¢) separately transierring a
portion of each of the first reaction mixes containing the first
amplicons to second reaction mixes comprising at least one
common primer; (d) for each population, amplifying, using
the at least one common primer, the first amplicons to
produce a set of second amplicons; (e) sequencing each of
the second amplicons to i1dentily the frequency of specific
CDR3 regions present 1n the sample; (1) normalizing the
CDR3 frequency data; (g) comparing the normalized CDR3
frequency data of the first sample and the second sample to
determine the absolute difference between the frequency of
cach CDR3 sequence; (h) determining the CDR3 sequences
common to the first sample and the second sample with the
largest frequency changes; and (1) determining the
sequences from step (h) with the highest degree of change.
As used herein, “subject” means either a human or an
animal.

It has previously been diflicult to assess the immune
system 1n a broad manner, as the number and variety of cells
in a human or animal immune system 1s so large that
sequencing more than a small subset of cells has been
impractical. The inventor developed a semi-quantitative
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PCR method (amplicon rescue multiplex polymerase chain
reaction, or “arm-PCR”, described 1n more detail in U.S. Pat.
No. 7,999,092 heremn incorporated by reference in 1its
entirety), which provides increased sensitivity and specific-
ity over previously-available methods, while producing
semi-quantitative results. It 1s this ability to increase speci-
ficity and sensitivity, and thereby increase the number of
targets detectable within a single sample, that makes the
method 1deal for detecting relative numbers of clonotypes of
the 1immune repertoire. The inventor has more recently
discovered that using this sequencing method allows him to
compare the change, or turnover rate, of the immune rep-
ertoire of individual subjects, which has led to the develop-
ment of the present method. The method has been used to
evaluate subjects who are undergoing treatment for a par-
ticular disease, for example cancer. The inventor has dem-
onstrated that a change 1n the immune repertoire diversity
can be readily detected using the methods of the invention.
These methods may therefore be useful as indicators of
treatment eflectiveness, much as cell counts and biochemi-
cal tests are currently used 1n clinical practice.

Clonotypes of an immune repertoire are determined by
the rearrangement of Variable (V), Diverse (D) and Joiming,
(J) gene segments through somatic recombination in the
carly stages of immunoglobulin (Ig) and T cell receptor
(T'CR) production of the immune system. The V(D)J rear-
rangement can be amplified and detected from T cell recep-
tor alpha, beta, gamma, and delta chains, as well as from
immunoglobulin heavy chain (IgH) and light chains (IgK,
Igl ). Cells may be obtained from a patient by obtaining
peripheral blood, lymphoid tissue, cancer tissue, or tissue or
fluids from other organs and/or organ systems, for example.
Techniques for obtaiming these samples, such as blood
samples, are known to those of skill 1n the art. “Quantiiying
clonotypes,” as used herein, means counting, or obtaining a
reliable approximation of, the numbers of cells belonging to
a particular clonotype. Cell counts may be extrapolated from
the number of sequences detected by PCR amplification and
sequencing.

The CDR3 region, comprising about 30-90 nucleotides,
encompasses the junction of the recombined varnable (V),
diversity (D) and joining (J) segments of the gene. It encodes
the binding specificity of the receptor and 1s useful as a
sequence tag to i1dentity unique V(D)J rearrangements.

Aspects of the invention include arm-PCR amplification
of CDR3 regions from T cells, B cells, and/or subsets of T
or B cells. The term “population” of cells, as used herein,
therefore encompasses what are generally referred to as
either “populations™ or “sub-populations™ of cells. Large
numbers of amplified products may then be efliciently
sequenced using next-generation sequencing platiforms.

The arm-PCR method provides highly sensitive, semi-
quantitative amplification of multiple polynucleotides in one
reaction. The arm-PCR method may also be performed by
automated methods 1n a closed cassette system (1Cubate®,
Huntsville, Ala.), which 1s beneficial 1n the present method
because the repertorres of various T and B cells, for
example, are so large. In the arm-PCR method, target
numbers are increased 1n a reaction driven by DNA poly-
merase, which 1s the result of target-specific primers being
introduced into the reaction. An additional result of this
amplification reaction is the introduction of binding sites for
common primers which will be used 1n a subsequent ampli-
fication by transferring a portion of the first reaction mix
containing the first set of amplicons to a second reaction mix
comprising common primers. “At least one common
primer,” as used herein, refers to at least one primer that waill
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bind to such a binding site, and includes pairs of primers,
such as forward and reverse primers. This transfer may be
performed either by recovering a portion of the reaction mix
from the first amplification reaction and introducing that
sample 1nto a second reaction tube or chamber, or by
removing a portion of the liquid from the completed first
amplification, leaving behind a portion, and adding fresh
reagents nto the tube 1 which the first amplification was
performed. In either case, additional buflers, polymerase,
etc., may then be added in conjunction with the common
primers to produce amplified products for detection. The
amplification of target molecules using common primers
gives a semi-quantitative result wherein the quantitative
numbers of targets amplified in the first amplification are
amplified using common, rather than target-specific prim-
ers—making 1t possible to produce significantly higher
numbers of targets for detection and to determine the relative
numbers of cells comprising various rearrangements within
a patient’s blood sample. Also, combining the second reac-
tion mix with a portion of the first reaction mix allows for
higher concentrations of target-specific primers to be added
to the first reaction mix, resulting in greater sensitivity in the
first amplification reaction. It 1s the combination of speci-
ficity and sensitivity, along with the ability to achieve
quantitative results by use of a method such as the arm-PCR
method that allows a sufliciently sensitive and quantitative
assessment of the type and number of clonotypes in a
population of cells to produce a Delta Index that 1s of
diagnostic use.

Clonal expansion due to recognition ol antigen results in
a larger population of cells that recognize that particular
antigen, and evaluating cells by their relative numbers
provides a method for determining whether an antigen
exposure has intluenced expansion of antibody-producing B
cells or receptor-bearing T cells. This 1s helptul for evalu-
ating whether there may be a particular population of cells
prevalent in 1ndividuals who have been diagnosed with a
particular disease. For example, the method may be espe-
cially helptul in evaluating whether or not a treatment or
vaccine has achieved the desired immune response 1n indi-
viduals to whom the treatment or vaccine has been given.

Primers for amplifying and sequencing variable regions of
immune system cells are available commercially, and have

been described in publication such as the inventor’s pub-
lished patent applications  WQ02009137255 and

US201000021896A1, both of which are herein incorporated
by reference 1n their entirety.

There are several commercially available high-throughput
sequencing technologies, such as Hoflman-LaRoche, Inc.’s
454 sequencing system. In the 454° sequencing method, for
example, the A and B adaptor are linked onto PCR products
either during PCR or ligated on after the PCR reaction. The
adaptors are used for amplification and sequencing steps.
When done 1n conjunction with the arm-PCR technique, A
and B adaptors may be used as common primers (which are
sometimes referred to as “communal primers” or
“superprimers’’) in the amplification reactions. After A and
B adaptors have been physically attached to a sample library
(such as PCR amplicons), a single-stranded DNA library 1s
prepared using techniques known to those of skill in the art.
The single-stranded DNA library 1s immobilized onto spe-
cifically-designed DNA capture beads. Each bead carries a
unique singled-stranded DNA library fragment. The bead-
bound library 1s emulsified with amplification reagents 1n a
water-in-o1l mixture, producing microreactors, each contain-
ing just one bead with one unique sample-library fragment.
Each unique sample library fragment 1s amplified within 1ts
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own microreactor, excluding competing or contaminating
sequences. Amplification of the entire fragment collection 1s
done in parallel. For each fragment, this results 1n copy
numbers ol several million per bead. Subsequently, the
emulsion PCR 1s broken while the amplified fragments
remain bound to their specific beads. The clonally amplified
fragments are enriched and loaded onto a PicoTiterPlate®
device for sequencing. The diameter of the PicoTiterPlate®
wells allows for only one bead per well. After addition of
sequencing enzymes, the fluidics subsystem of the sequenc-
ing nstrument flows individual nucleotides 1n a fixed order
across the hundreds of thousands of wells each containing a
single bead. Addition of one (or more) nucleotide(s) comple-
mentary to the template strand results 1n a chemillumines-
cent signal recorded by a CCD camera within the instru-
ment. The combination of signal intensity and positional
information generated across the PicoTiterPlate® device

allows the software to determine the sequence of more than

1,000,000 1ndividual reads, each 1s up to about 450 base
pairs, with the GS FLX system.

In one embodiment of the mvention, sequencing infor-
mation from the CDR3 region of T cells, B cells, and/or
subsets of T or B cells 1s obtained from a single patient. As
illustrated 1n FIG. 1, these cells may be collected at varying
time points. For example, multiple samples may be collected
from the same patient at the same time point (PAT1SI,
PAT1S2). In this embodiment, samples are collected belore
the commencement of a treatment regime. As will be
described 1n more detail below, analysis of sequence infor-
mation from samples taken at the same time point allows for
the establishment of an 1nitial or baseline immune repertoire
turnover rate of the patient’s most dynamic immune cells. In
an additional embodiment, the methods of the invention are
practiced on samples collected from the same patient at
different time points (PAT1S51, PAT251) (FIG. 1). In one
embodiment, samples may be collected before, during and
after a treatment regime, the timing of which may be
dictated by the patient’s practitioner. Analysis of this
sequence information allows one to determine a change 1n
the immune repertoire turnover rate of the patient’s most
dynamic immune cells resulting from the treatment regime.

Differences in how the sample 1s collected, the number of
cells collected, the number of sequencing reads obtained
(1.e., the number of sequences obtained from a sample) and
the number of CDR3 sequences sampled makes comparison
of two samples 1mpossible without first normalizing the
samples to a common read count. A reference must therefore
be established as a basis of comparison for later measure-
ments. Therefore, having obtained the sequences using a
quantitative and/or semi-quantitative method, 1t 1s then
preferable to normalize the data to account for such differ-
ences.

FIGS. 2 and 3 illustrate the process of calculation the
baseline change 1n the immune repertoire. Column A of FIG.
2 represents raw sequence data for a number of CDR3
regions ol a population of immune cells from a first patient
sample. As 1s evident from column A, each detected gene
sequence has an accompanying Irequency of 10 muillion
(reads). In one embodiment of the invention, each sample 1s
normalized to 10 million reads to account for these discrep-
anciles. In this embodiment, a normalized read count 1s
obtained by multiplying the read count (1.e., the number of
times each unique CDR3 sequence 1s detected 1n the sample)
for each CDR3 sequence by a normalization factor (10
million/total number of reads for the sample) (column B),

which 1s then divided by 10 million (column C). Although
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the present example normalizes the read count to 10 million,
the count may be normalized to other cell concentrations in
other embodiments.

To establish a baseline repertoire turnover rate for an
individual, the normalized sequence data from two samples
collected at a single time period (PAT1S51 and PAT182) are
then compared. Referring now to FIG. 3, the absolute
difference between the frequencies of each CDR3 read count
in each sample 1s determined (column D). Because the
present method 1s used to determine the change in an
individual’s 1immune repertoire, all quantitative changes
(1.e., the increase or decrease in the frequency of a unique
CDR3 sequence) are included 1n these calculations. In an
additional embodiment, the absolute difference between the
frequencies of each CDR3 sequence will also include quali-
tative changes. For example, the fact that a specific CDR3
sequence may be present 1n the first sample but absent from
the second sample (or vice versa) will be 1n the calculations
for determining the absolute diflerence 1n clonotype diver-
sity between the two samples.

Referring again to FI1G. 3, the next step in determiming the
baseline immune repertoire turnover rate for a patient
includes the calculation of the impact range of the two
samples (column E). As used herein, the impact range 1s
calculated by determining the percentage of the patient’s
immune repertoire contributed by the most dynamic clones.
It 1s necessary to determine the impact range so that sam-
pling differences between the two populations may be
climinated. As described previously, such sampling incon-
sistencies may 1include, for example, differences in the
number of cells included 1n the patient sample, differences
in the amplification efliciency during arm-PCR, introduction
of sequencing bias and diflerences 1n sequencing depth. The
presence of these sample varniables makes it impossible to
compare the frequency vanability between the two popula-
tions. Normalizing the sequencing data to 10 million reads,
as described above, helps to eliminate some of these incon-
sistencies. However, further steps, such as calculating the
impact range, must be taken to enable the analysis of the vast
amount ol sequencing data and to allow for the direct
comparison of the two samples. The variables discussed
above will mask any frequency changes and make such a
comparison impossible. In one embodiment, the i1mpact
range 1s determined by calculating the percent of the
patient’s immune repertoire contributed by the 100 clones
with the biggest frequency difference between samples. As
illustrated 1n FIG. 4, other numbers of clones may be
included in the calculation of the impact range in other
embodiments, for example the 1,000 or 10,000 clones with
the biggest frequency diflerence between the samples.

In the next step illustrated 1n FIG. 3, column F, the Delta
Index 1s calculated for the two samples. As used herein, the
Delta Index represents the total percentage of the sequenced
CDR3 clones within the impact range that exhibit a fre-
quency difference between the first and second samples. In
the example 1illustrated 1n FIG. 4, column H, the impact
range of samples 1 and 2 (averaged) 1s 7.27%, indicating that
the 100 most dynamic CDR3 clones make up 7.27% of the
sequenced immune repertoire of the patient. In the final step,
the Delta Index i1s calculated for the two samples. In this
embodiment, the Delta Index 1s the percentage of the CDR3
clones included in the impact range that has changed
between sample 1 and sample 2. As illustrated in FIG. 4,
column H, the Delta Index of 6.53% 1s a calculation of the
baseline immune repertoire turnover for the patient, calcu-
lated from two samples collected at the same time point, for
example, before the start of a health event.
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After establishing the baseline immune repertoire turn-
over rate, the Delta Index then be calculated for two samples

collected at different time periods. In one embodiment, a first
sample may be collected before the start of treatment and a
second sample collected during, or after the treatment 1s
completed. As illustrated 1n FIG. 4, the raw CDR3 sequence
data from two samples collected at different time points
(PAT1S1 and PAT2S1) 1s: (1) normalized; (2) the absolute
difference between the frequencies calculated; (3) the impact
range ol the two samples 1s calculated; and (4) the Delta
Index determined for the two samples. These steps are
performed in the same manner as described previously in
regards to FIGS. 2-4 (1.e., the same manner as 1n calculating
the baseline Delta Index). As further illustrated 1n FI1G. 4, the
signal to noise ratio of the Delta Index calculation may then
be determined by comparing the baseline Delta Index to the
experimental Delta Index, as illustrated by the following

calculation: Signal/Noise=Delta Index (PAT1S1-PAT2S1)/
Delta Index (PAT1S1-PAT1S2) In the embodiment 1llus-
trated 1 FIG. 4, the selection of an impact range of 100
produces the lowest signal to noise ratio and provides results
with the less noise.

The present invention allows for the calculation of the
repertoire rate of the most dynamic immune cells. The steps
of the method mvolve the manipulation of vast amounts of
sequence data, for example when normalizing sample sizes,
obtaining frequency values for each CDR3, obtaining abso-
lute frequency changes, and calculating impact ranges.
These calculations are necessary to take into account that
some clones may be upregulated during a health event,
others may be downregulated, some clones may disappear at
second time point, and some new clones may appear at the
different time point. The present invention overcomes these
problems by determining overall repertoire changes and
quantifying the changes associated with each CDR3. The
present methods allow for the analysis of a vast amount of
sequencing data while eliminating sampling and sequencing,
inconsistencies that have previously made the comparison of
immune repertoire changes impossible.

EXAMPLES

Example 1
Delta Index Calculations for Patient Samples

Two whole blood samples were collected from each of
two healthy individuals at three month intervals. Two next
generation sequencing (NGS) protocols were performed on
the samples from each individual. RNA was extracted from,
on average, 1 million cells, and arm-PCR was used to
generate the NGS library. Sequencing was performed using
the Illumina HiSeq® instrument.

FIG. § Illustrates the Calculated Delta Index for Several
Sample Groups:

Group A represents a single sample taken from one
patient, where the sample 1s split into two subsamples. The
Delta Index 1s 0.00% for this population because the two
samples were collected at the same time point with no
sample variation.

Group B represents multiple samples taken from the same
individual at the same time point. The repertoire change
(Delta Index) 1s measured at between 3.88% and 6.53%.
These types of sample are useful for calculating the baseline
repertoire change for an individual.

Group C represents samples taken from the same indi-
vidual at two diflerent time points with an interval of one or
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two days. These calculated repertoire changes may vary
from between 0% and 100% and are useful 1n determining
repertoire changes caused by a health event.

Group D represents samples taken from the same indi-
vidual at two different time points with an iterval of three
months. These calculated repertoire changes may vary from
between 0% and 100% and are useful 1n determining rep-
ertoire changes caused by a health event.

Group E represents samples taken from different indi-
viduals at different time points. In this situation the Delta
Index 1s expected to be near 100%.

Example 2
Healthy Patient Samples

Two whole blood samples were collected from each of 19
healthy individuals at three month intervals. Two NGS
protocols were performed on the samples from each 1ndi-
vidual. RNA was extracted from, on average, 1 million cells,
and arm-PCR was used to generate the NGS library.
Sequencing was performed using the Illumina HiSeq®
instrument. On average, S million T cell receptor molecules
were sequenced for each sample (10 million total reads per
individual). Approximately 100,000 to 300,000 unique
CDR3 sequences were obtained from each sample.

Table 1 1llustrates the results of analyzing close to 200
million sequence reads (one read=one molecule), including
the calculated Delta Index, with a range of 5.52% to 23.33%,

with an average of 13%.

TABLE 1

Calculated Delta Index

Normal Samples Delta Index (%)

14.95
7.29
23.33
11.05
22.77
8.53
10.91
0.5
14.37
9.93
20.64
20.26
0.23
10.26
0.23
21.16
5.52
13.62
14.25

O 00 =1 O b B ) b = O D 00 =] O B ) D

Example 3
Breast Cancer Samples

Samples were obtained from 12 breast cancer patients
undergoing neoadjuvant treatment, 1.e., chemotherapy
before surgery to reduce the tumor burden before surgery.

Peripheral blood samples were collected pre- and post-
treatment. Two NGS protocols were performed on the
samples from each individual. RNA was extracted from, on
average, 1 million cells, and arm-PCR was used to generate
the NGS library. Sequencing was performed using the
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[Ilumina HiSeq® instrument. As illustrated in Table 2, the
calculated Delta Index range was from 20.49% to 97%, with
an average 38.85%.

TABLE 2

Calculated Delta Index

Patient # Delta Index (%)

21.72
20.49
83.39
64.21
75.62
06.30
59.19
97.86
72.57
61.77
48.06
35.12

Mo — O AD 00 ~1 O W B W) b

These calculated Delta Index ranges indicate a signifi-
cantly higher repertoire turnover rate as compared to that
observed for healthy individuals (Table 1). Calculating the
immune repertoire turnover rate, using the methodologies
described herein, offers several advantages compared with
current methods. The methodologies disclosed herein may,
for example, help to evaluate treatment outcomes or to
indicate the onset of a disease state.

The methodologies and the various embodiments thereof
described herein are exemplary. Various other embodiments
of the methodologies described herein are possible.

Now, theretfore, the following 1s claimed:
1. A method of calculating the change 1in the immune
repertoire of a subject, comprising the steps of:
quantifying clonotypes of immune cells 1n a population or
subpopulation of immune cells 1n a first sample and a
second sample collected from the same patient using
arm-PCR and next generation sequencing;
calculating frequency data for the first sample and the
second sample by identifying the frequency of each
clonotype;
normalizing the frequency data for the first sample and the
second sample;
determining the absolute difference in the frequency of
cach clonotype present in the first sample and the
second sample; and
determining the clonotypes common to the first sample
and the second sample with the largest frequency
change.
2. The method of claim 1, wherein the clonotypes are
CDR3 clonotypes.
3. The method of claim 1, wherein the first sample and the
second sample are collected at the same time point.
4. The method of claim 1, wherein the first sample and the
second sample are collected at different time points.
5. The method of claim 1, wherein at least 100 clonotypes
with the greatest frequency change are identified.
6. The method of claim 1, wherein each sample comprises
white blood cells.
7. The method of claim 1, wherein the subject 1s healthy.
8. The method of claim 1, wherein the subject has been
diagnosed with, or 1s suspected of having, a disease.
9. The method of claim 1, wherein the subject 1s treated
with an immune therapy.
10. The method of claim 9, wherein the subject receives
immune therapy after the first sample 1s collected.
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11. A method of calculating the change in the immune normalizing the CDR3 frequency data;
repertoire of a subject, comprising the steps of: comparing the normalized CDR3 frequency data of the
collecting at least two sample populations of white blood first sample and the second sample to determine the
cells from a subject; absolute difference between the frequency of each
separately amplifying polynucleotides from each popula- > CDR3 sequence; and
tion of white blood cells 1n a reaction mix comprising determining the CDR3 sequences, common to the first

target-specific nested primers to produce a set of first sample and the second sample, with the largest fre-

amplicons, at least a portion of the target-specific qlTlille Cllllalllgesf' " e the £ -
nested primers comprising additional nucleotides 12. The method of claim 11, wherein the first sample an

which, during amplification, serve as a template for 10 the second sample are collected at the same time point.

incorporating into the first amplicons a binding site for 13. The method of claim 11, Wherﬁflﬂ the ﬁr st sample and
the second sample are collected at diflerent time points.

at least one common primer; . . . .
separately transferring a portion of each of the first b lf:h The method of claim 11, wherein the subject is
calthy.

reaction mixes contaiming the first amplicons to second , _ _
reaction mixes comprising at least one common primer: 15 15. The mgthod of claim 11, Wherem'the sublect has been
diagnosed with, or 1s suspected of having, a disease.

for each population, amplifying, using the at least one _ _ SO
common primer, the first amplicons to produce a set of ‘16. The method of claim 11, wherein the subject 1s treated
with an immune therapy.

second amplicons; . . . .
sequencing each of the second amplicons to identily the _ 17. The method of claim 16, wher 1 the subject receives
20 1mmune therapy after the first sample 1s collected.

frequency of specific CDR3 regions present in the
sample; I
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